OBJECTIVEdDiabetic nephropathy (DN) is a major cause of mortality in type 1 diabetes. Reduced insulin sensitivity is a well-documented component of type 1 diabetes. We hypothesized that baseline insulin sensitivity would predict development of DN over 6 years.
D
iabetic nephropathy (DN) is a common and serious complication of diabetes. Its incidence is rising rapidly (1) , and it is the most common cause of end-stage renal disease in the U.S. and Europe (2) . The 2011 U.S. Renal Data System showed that DN accounted for 44.5% of all cases of end-stage renal disease in 2009 (3) . Despite improvements in the outlook of this complication in past decades, it continues to be one of the major causes of morbidity and mortality in type 1 diabetes (4, 5) . DN is an important risk factor for coronary artery disease (6) (7) (8) and overall mortality (6, 9) . These findings highlight the need for improved methods of identifying persons at high risk for DN (10) .
The role of insulin sensitivity in the development and progression of macro- (7, 11, 12) and microvascular complications (12, 13) in type 1 diabetes is increasingly recognized. Reduced insulin sensitivity also is a plausible mechanism linking renal disease with excess mortality in type 1 diabetes. Historically, when glycemic control is poor, reduced insulin sensitivity was believed to be directly related to body weight and HbA 1c (14, 15) , but more recent data suggest that reduced insulin sensitivity cannot simply be explained by weight or poor glycemic control. In fact, reduced insulin sensitivity has been documented in type 1 diabetic subjects with normal BMI and HbA 1c compared with nondiabetic individuals (16) . The Coronary Artery Calcification in Type 1 Diabetes (CACTI) longitudinal cohort study of adults with type 1 diabetes investigated the determinants of early and accelerated atherosclerosis and found that insulin sensitivity independently predicted coronary artery calcification (17, 18) . Reduced insulin sensitivity has also been shown to predict diabetic retinopathy, neuropathy, and nephropathy in subjects with type 1 diabetes (13) .
Despite advances in the estimation of insulin sensitivity (insulin sensitivity index [ISI] ) (19) and glomerular filtration rate (GFR) (20), research in the association of insulin sensitivity with DN has been limited since the Pittsburgh Epidemiology of Diabetes Complications (EDC) cohort showed more than a decade ago that the estimated glucose disposal rate (eGDR) predicts overt nephropathy (13) . To readdress this relationship with contemporary data and estimating equations, we hypothesized that higher insulin sensitivity measured by ISI at baseline would be associated with decreased odds of developing two early phenotypes of DNdmicroalbuminuria (albumincreatinine ratio [ACR] $30 mg/g) and rapid renal function decline (GFR loss .3 mL/min/1.73 m 2 per year) (21-23)d calculated by the three Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equations (20) over 6 years in the CACTI study.
RESEARCH DESIGN AND
METHODSdThe CACTI study enrolled subjects 19-56 years of age with and without type 1 diabetes who were asymptomatic for cardiovascular disease at the baseline visit in 2000-2002 and then were reexamined 3 and 6 years later as previously described (24) . Subjects with type 1 diabetes had to have a disease duration of at least 10 years at enrollment, with the exception of 109 subjects who had taken part in a pilot study in 1997-1998 and had 2-48 years of diabetes duration. Subjects with serum creatinine levels .2 mg/dL were excluded at baseline unless they were participants in the pilot study. All subjects with the data needed to calculate ISI and GFR at the baseline and 6-year visits were included in this analysis (n = 449 with type 1 diabetes, n = 565 without diabetes). Among subjects with type 1 diabetes, those with missing data had slightly worse baseline renal function (e.g., CKD-EPI cystatin C eGFR 108 6 18 vs. 100 6 30 mL/min/1.73 m 2 ) and fasting lipid profile than those with complete data. In contrast, nondiabetic control subjects with missing data were younger (35 6 9 vs. 40 6 9 years) and had better renal function (CKD-EPI cystatin C eGFR 111 6 13 vs. 108 6 12 mL/min/1.73 m 2 ). The study was approved by the Colorado Multiple Institutional Review Board, and all subjects provided informed consent.
We measured height and weight and calculated BMI as kilograms per meter squared. Resting systolic blood pressure (SBP) and fifth phase diastolic blood pressure (DBP) were measured three times while the subject was seated, and the second and third measurements were averaged. Hypertension was defined as current antihypertensive therapy or untreated hypertension (blood pressure $140/90 mmHg) at the time of the study visit. Antihypertension medication use was determined by a medication inventory as previously described (24) , and use of an angiotensin-converting enzyme inhibitor (ACEi) or an angiotensin receptor blocker (ARB) was combined for these analyses.
After an overnight fast, blood was collected, centrifuged, and separated. Plasma was stored at 48C until assayed. Total plasma cholesterol and triglyceride levels were measured by standard enzymatic methods, HDL cholesterol was separated with the use of dextran sulfate, and LDL cholesterol was calculated by the Friedewald equation. High-performance liquid chromatography (Bio-Rad variant) was used to measure HbA 1c .
Overnight urine samples were collected in duplicate, and urine creatinine and albumin levels were measured by radioimmunoassay (Diagnostic Products) and averaged. In subjects (n = 35) who did not have two timed overnight urine samples, only one timed overnight urine sample was collected. Two subjects did not provide a timed overnight urine sample, and instead, spot urine was collected.
Early DN was defined as microalbuminuria (ACR $30 mg/g) and rapid GFR decline (.3 mL/min/1.73 m 2 per year) (23, 25) by all three CKD-EPI equations.
Twenty-five type 1 diabetic subjects had an ACR ,30 mg/g at the first visit (V1), and ACR $30 mg/g developed in them by the third visit (V3). In contrast, 284 subjects had ACR ,30 mg/g at both V1 and V3. The analysis compared these two groups of subjects. Microalbuminuria developed in only five control subjects, so we did not have sufficient power to run analyses on this outcome.
GFR was determined with the use of the CKD-EPI serum creatinine, serum cystatin C, and combined equations recently published by Inker et al. (20) for the CKD-EPI Investigators Group. Cystatin C was measured in the University of Colorado Hospital clinical laboratory according to the package insert instructions of a commercially available assay (DadeBehring) on a BN II or Prospec nephelometer. The coefficient of variation was 3.3%. Intraassay precision is 2.3-4.1%, and interassay precision is 2.6-3.3% according to the package insert. Results are reported in milligrams per liter, with a sensitivity cutoff of 0.23 mg/L. Because of a systematic shift in the Dade-Behring cystatin C assay over the period of the study, cystatin C levels were standardized to V3 levels by Deming regression equations, as previously described (26) .
Serum creatinine level was measured according to package insert instructions on a Roche Mira Plus II analyzer until 2006 and then an Olympus AU400e (r = 0.9999 between methodologies) traceable to the National Institute of Standards and Technology standard reference material at the University of Colorado Clinical Translational Research Laboratory. Intraand interassay precision are 1.6 and 3.3%, respectively. Because of the longitudinal design of CACTI and to assess for any potential change over time in the serum creatinine assay, 100 samples each from all three visits were remeasured as a single batch. Deming regression equations were used to standardize serum creatinine level by the same methodology as previously described for cystatin C (26) .
With the use of the CKD-EPI creatinine equation to estimate GFR, 122 subjects with type 1 diabetes experienced a GFR loss .3 mL/min/1.73 m 2 per year compared with 327 who had a stable renal function (GFR loss ,3 mL/min/1.73 m 2 per year). In contrast, by CKD-EPI cystatin C equation, rapid GFR decline developed in only 58 subjects with type 1 diabetes compared with 391 with stable renal function. By combined CKD-EPI creatinine and cystatin C equation, rapid GFR decline developed in 64 subjects with type 1 diabetes compared with 385 with stable renal function on follow-up. We compared subjects with rapid GFR decline with those with stable renal function over the 6 years of the study. Rapid GFR decline developed in only 29 control subjects per CKD-EPI cystatin C equation compared with 135 and 47 control subjects per CKD-EPI creatinine and combined creatinine and cystatin C equations, respectively.
CACTI clamp cohort: ISI
The ISI is derived from previous euglycemichyperinsulinemic clamp studies in a subset of 87 subjects (40 with and 47 without diabetes frequency matched for age, sex, and weight) of the CACTI cohort, as previously described in detail (18 (19) .
Statistical analysis
Analyses were performed with SAS version 9.2 for Windows (SAS Institute, Cary, NC) software. Differences between type 1 diabetic subjects and control subjects at baseline and follow-up were assessed by x 2 test for categorical variables and t test for continuous variables. Nonparametric variables (e.g., ACR and triglyceride level) were log transformed to compute geometric means. Univariate logistic regression was performed to evaluate the associations between variables at baseline and the development of microalbuminuria and rapid renal function decline calculated by the CKD-EPI creatinine, cystatin C, and combined creatinine and cystatin C equations. The following variables were tested for univariate associations with the dependent outcomes: LDL cholesterol, HDL cholesterol, total cholesterol, SBP, HbA 1c , type 1 diabetes duration, and age. DBP and triglyceride level were not included because they are part of the ISI. Only variables significantly associated with the dependent variables in univariate analyses were eligible for selection in the multivariable models, with a significance level of P , 0.05 for inclusion. Stepwise logistic regression was used to determine which variables remained in multivariable models predicting microalbuminuria and rapid GFR decline. Only variables with P , 0.1 in stepwise selection were included in the models. We further evaluated the independence of the association of ISI to renal outcomes by adjusting the multivariable models for the dichotomous variables of sex, smoking status, and ACEi/ARB use. All analyses were stratified by type 1 diabetes status, and significance was based on an a of 0.05.
RESULTSdData, including ISI, were available for 449 subjects with type 1 diabetes and 565 control subjects at baseline (V1) and follow-up (V3). Among type 1 diabetic subjects, 76 had an ACR $30 mg/g, and 15-21 (depending on which eGFR calculation was used) had a GFR ,60 mL/min/1.73 m 2 at V1; all were excluded from the analyses. Twenty-five subjects progressed from normoalbuminuria at V1 to microalbuminuria at V3, and there were 12-14 new cases of GFR ,60 mL/min/ in control subjects (P , 0.0001). Similarly at V3, the mean was 4.7 6 1.8 and 15.6 6 6.6 mg z kg 21 z min 21 among type 1 diabetic and control subjects, respectively (P , 0.0001). In addition, among both subject groups, the mean differences in HbA 1c ; age; total cholesterol, HDL cholesterol, LDL cholesterol, and triglyceride levels; SBP and DBP; and the proportions of hypertension, ACEi/ARB use, and nonHispanic whites were all statistically significantly different (Table 1 ). There was a significant overall decline in eGFR over 6 years in the entire cohort as calculated by CKD-EPI creatinine (P , 0.0001), cystatin C (P , 0.0001), and combined creatinine and cystatin C (P , 0.0001).
In univariate analysis, only ISI at baseline predicted a lower odds of developing ACR $30 mg/g (odds ratio 0.65 (Table 2) . Moreover, the association remained significant with additional adjustments for sex, smoking status, and ACEi/ARB use (P = 0.018).
In univariate analysis, ISI was associated with a decreased odds (0.77 [0.64-0.92], P = 0.004) and HbA 1c (P , 0.0001), age (P = 0.04), SBP (P = 0.02), and BMI (P = 0.01) were associated with an increased odds of developing rapid GFR decline as calculated by CKD-EPI cystatin C. In the stepwise model, ISI remained significant after adjusting for HbA 1c and age (0.80 [0.67-0.97], P = 0.02) ( Table 3) . Moreover, the association remained unchanged with additional adjustments for both sex and smoking status, but adjusting for ACEi/ARB use at baseline attenuated the significance of the association (0.831 [0.686-1.006], P = 0.058). We found no associations between ISI or HbA 1c and rapid GFR decline when calculated by CKD-EPI creatinine (P = 0.38) or combined creatinine and cystatin C (P = 0.50).
CONCLUSIONSdA major challenge in preventing DN is the difficulty in accurately identifying high-risk patients and the need for additional therapeutic targets. The aim of this study was to evaluate the association of insulin sensitivity and DN. The data show that greater insulin sensitivity at baseline independently predicts lower risk of developing ACR $30 mg/g and confers protection from a rapid decline of GFR as calculated by CKD-EPI cystatin C.
The association between reduced insulin sensitivity and diabetes complications is increasingly recognized, but it is not a recent discovery. In 1968, Martin and Stocks (27) showed that microvascular complications were associated with reduced insulin sensitivity in long-standing type 1 diabetes. In 1993, Yip et al. (28) explored insulin resistance as an underlying factor in type 1 diabetes and found reduced insulin sensitivity, measured by GDR, in a small group with microalbuminuria, whereas Orchard et al. (13) later demonstrated that eGDR (a marker of insulin sensitivity) predicted overt nephropathy in type 1 diabetic subjects in the Pittsburgh EDC cohort. The utility of eGDR as a marker of microvascular complications in type 1 diabetes was also confirmed by Chillarón et al. (29) and Girgis et al. (30) in two smaller cross-sectional studies in 91 and 61 subjects, respectively.
The exact mechanism of reduced insulin sensitivity in type 1 diabetes is poorly understood. One hypothesis suggests that reduced insulin sensitivity is secondary to prolonged exposure to supraphysiologic levels of exogenous insulin, which has been shown to be associated with increased ectopic fat accumulation in the liver and skeletal muscles, increased oxidative stress, and decreased mitochondrial biogenesis (31, 32) . One possible mechanistic pathway linking reduced insulin sensitivity to DN in type 1 diabetes is through reduced insulin sensitivity effects on overall nonessential fatty acid exposure and lipotoxicity in the development of macro-and microangiopathy.
The present study is similar to that of Orchard et al. (13) but with a larger sample and contemporary equations for estimating GFR and insulin sensitivity and the inclusion of nondiabetic subjects in the analyses. The present study population was also 10 years older than the Pittsburgh EDC study population and had a lower mean HbA 1c of 7.9%. In addition, the present study uses the ISI, an equation derived from the study of SnellBergeon et al. (19) , which is the largest euglycemic-hyperinsulinemic clamp study in adults with and without type 1 diabetes and improves on the adjusted R 2 increase from the Pittsburgh EDC study (from 0.57-0.63). Microalbuminuria is still recognized as the earliest stage of DN in type 1 diabetes (33), but evidence shows that ACR $30 mg/g does not inexorably lead to progression of DN (34) . For that reason, we decided to add a second recognized phenotype of early DN: rapid GFR decline, which some believe to be a better marker of trajectory toward impaired renal function (25) . Annual screening for albuminuria and eGFR is recommended by the American Diabetes Association (35) .
We calculated a rapid decline in kidney function with all three of the CKD-EPI equations (20) . Concordance between CKD-EPI cystatin C and creatinine eGFR has been reported to be as low as 62% (36) , and CKD-EPI cystatin C eGFR is considered to be less biased by age and weight than creatinine-based measurements (22) . Consistent with the present data, cystatin C has been shown to be more accurate in detecting rapid GFR decline than creatinine-based measurements in type 1 diabetic subjects with normal GFR levels (37) . Furthermore, rapid GFR decline estimated by cystatin C has also been shown to be associated with a higher risk for cardiovascular complications and mortality than GFR estimated by creatinine (21, 36) . This is also consistent with our findings from the CACTI cohort, where eGFR calculated by cystatin C predicted coronary artery calcification progression better than eGFR calculated by the CKD-EPI creatinine or combined equations (8) . These findings agree with the present data, where only rapid GFR decline calculated by CKD-EPI cystatin C eGFR was associated with ISI in subjects with type 1 diabetes.
There are limitations to the current study, including the observational design and no direct measurements of GFR or insulin sensitivity because of the large cohort size. However, we used all three of the recently published CKD-EPI equations. (38) . Moreover, cystatin C-based equations have been shown to estimate GFR well in diabetic subjects with normal and elevated renal function (37, 39) . In addition, the ISI has strong agreement with GDR measured by the gold standard method in the CACTI clamp study (R 2 = 0.63), thereby supporting its role as a true reflection of insulin sensitivity. There was insufficient power to assess the ability of ISI to predict risk of developing microalbuminuria in control subjects and the categorical development of eGFR ,60 mL/min/1.73 m 2 in both groups because these end points developed in very few subjects in the cohort. The subjects with type 1 diabetes without complete data at baseline had worse renal function and lipid panel findings, which may bias the results to the null because less healthy subjects with type 1 diabetes were not included in the analyses.
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